Combined heat and power production (CHP) based on solid oxide fuel cells (SOFC) is a very promising technology to achieve high electrical efficiency to cover power demand by decentralized production. This paper presents a dynamic quasi 2D model of an SOFC system which consists of stack and Journal of Power Sources, submitted to J. Power Sources ity analysis of characteristic values of the system like fuel utilization, oxygen-to-carbon ratio and electrical efficiency for different natural gas compositions is carried out. The result shows that a control strategy adapted to variable natural gas composition and its energy content should be developed in order to optimize the operation of the system.
The other fraction of the anode flue gas and the cathode offgas are fed to the burner where complete combustion takes place. The flue gas is then used to heat up the gas and air flow. Each component is thermally integrated as well as possible in order to minimize heat loss and to achieve high efficiency.
For the calculation of the gross electrical efficiency DC only the electrical power DC produced by the SOFC stack is considered. It is related to the energy input of the system which is calculated using the flow of natural gas entering the system ̇N G,in and its lower heating value LHV NG,in : 
Where is the electrical current, cell is the number of cells of the stack and ,e − describes the number of transferred electrons in the electrochemical reaction of the specie k. Furthermore, the Faraday constant is used.
Another important parameter for the lifetime of SOFC systems with anode offgas recycling is the oxygen-to-carbon ratio (OTCR). It is defined by the amount of oxygen and carbon atoms in the fuel: 4 OTCR = H 2 O + CO +2• CO 2 n• C n H 2n+2 + CO + CO 2 (6) A low OTCR can cause carbon deposition since there is not enough water for the steam reforming of alkanes. The higher the OTCR, the higher the dilution of the fuel and this decreases the Nernst voltage. Therefore the OTCR should be chosen carefully to achieve a compromise between safety and efficiency.
Modeling Approach
The model is built up in the simulation tool SimulationX ® which is based on the modeling language The model is based on the following assumptions. We assume that all species and the mixture of them act as ideal gases. The single components are discretized in flow direction and each compartment acts as a continuous stirred tank reactor (CSTR). Furthermore the electrodes and current collectors act as isopotential surfaces.
For full load operation the geometric and operating parameters of the single components are shown in Table 1 .
General structure of a single component
The schematic of an elemental component is shown in Figure 2 . It consists of a volume chamber dis-5 cretized in single compartments. In each of them the thermodynamic state properties are calculated by using mass, momentum, and energy balances. If the component is a simple pipe there is a heat loss ̇l oss to the environment. For more complex components like the pre-reformer or a heat exchanger, heat transfer ̇h ex between two fluids takes place -one at the inside and one at the outside of the chamber. Each component is modeled by combining single blocks ( Figure 3 ) which is possible due to its modular structure. The fluid enters the volume chamber which is thermally connected to the mass.
The heat transfer mechanisms which take place in this case are forced convection and conduction through the wall. There is a heat transfer between the thermal mass and the environment. For the calculation free convection is considered. An insulation layer can be added in order to reduce the heat flux to the ambient air.
The mass balance in each compartment i is given by
In the above mentioned equation, is the stoichiometric coefficient of the specie k in the chemical reaction j and , describes the rate of the reaction j in the compartment i. If the kinetic and potential energies are neglected, the energy balance results as follows:
In this equation the enthalpy of each species ℎ m is calculated by using the NASA polynomials [18] .
The model presented here also includes pressure losses in each compartment. These are calculated according to the Bernoulli equation which is combined with the Darcy-Weisbach equation for flow involving friction [19] :
Where is the density and the velocity of the fluid. Furthermore, is the friction factor and is the friction factor for additional losses due to manifolds.
The thermodynamic properties like density, heat capacity, and thermal conductivity of the fluid are 6 calculated by using higher-order polynomials [20] . The hydraulic diameter h involved in equation (9) is calculated by using the cross section area and the wetted perimeter :
Heat exchanger
The heat exchanger is used for heating the fluids to process temperature by the use of hot flue gas.
Different geometries can be considered to find the optimal design of a heat exchanger: plate, doublepipe, or tube bundle heat exchanger. The following equation expresses the transferred heat ̇t rans, in the considered tubular device:
The heat transmission coefficient k trans can be calculated by using the heat transfer coefficient at the inner h is and outer side h os of the wall and the thermal conduction k cond through the solid material:
At the inner wall of each component forced convection occurs. The heat transfer coefficient in each discretization compartment is calculated by using empirically-determined Nusselt correlations
[21] [22] . Since the considered heat exchanger consists of an irregular geometry with laminar flow, the Nusselt correlation has to be modified [23] . Therefore a general approach for the Nusselt correlation depending on the Reynolds number Re and the Prandtl number Pr in the form
is used with experimentally determined constant C and exponents m and n (see Table 3 ).
The experiments were carried out for different flow rates of fuel and air and the result of the validation is shown in section 4.4. At the outer wall of a single component either free convection or forced convection takes place. Depending on the kind of heat transfer, either a heat loss to the environment or 7
heat exchange with another fluid from a neighbored component occurs. These experimentally determined parameters were used for the calculation of the heat transfer in all components in the mentioned components gas processor in Figure 1 .
Pre-reformer
SOFC systems which are fed with natural gas need reforming to obtain a hydrogen-rich gas mixture.
The reforming reactions can either take place at the anode of the SOFC stack or in a pre-reformer. We extend the model of a single heat exchanger by including chemical reactions in order to calculate the dynamic behavior of the different gas concentrations in the system. There are different possibilities to reform natural gas: partial oxidation, dry, and steam reforming [24] . Since higher electrical efficiencies can be achieved by systems which operate with steam reforming, this alternative has been chosen for the system. The chemical equilibrium is influenced by the water-gas-shift reaction as well, equations see Table 4 . The reaction rates are determined by using the kinetics of each equation taking into account catalyst amount, pressure, and concentrations. The used equations and constants for the reaction rates can be found in [25] . Each reaction rate is temperature dependent and calculated dynamically.
Higher alkanes like ethane, propane, and butane have to be completely reformed before entering the stack. Otherwise they will cause carbon deposition resulting in an increase in pressure loss and damage of the stack [26] . The general stoichiometry of alkane steam reforming is given by
Burner
After leaving the stack, the anode offgas contains large molar fractions of carbon monoxide and hydrogen. Part of the offgas can therefore be recycled (see Figure 1 ) to increase the efficiency and the rest is burned before leaving the system. Since the simulation model is transient and start-up processes are simulated, also the combustion of methane is regarded. In Table 5 the chemical reactions for the complete combustion of CO, CH 4 , and H 2 are shown. The generated heat is used for the endothermic 8
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Stack
The SOFC stack mainly consists of an interconnect in which two channels for air and fuel are integrat- At anode and cathode, respectively, the electrochemical reaction of hydrogen and oxygen is considered:
The overall reaction can be described by
Furthermore, steam reforming and water-gas-shift reaction (equations [33] [34] [35] are considered. The direct electrochemical oxidation of carbon monoxide is neglected because it is assumed that CO is converted to H 2 in the water-gas shift reaction, assuming thermodynamical equilibrium [27] .
The current density of the stack in each discretization compartment is calculated implicitly as a function of the cell voltage. The cell voltage in each compartment cell, is the same with respect to the assumption of isopotential surfaces:
The cell voltage is calculated taking into account the ohmic drop and the electrode overpotentials as follows:
In this expression the Nernst voltage Nernst, can be calculated with regard to the reversible ideal potential between hydrogen and oxygen, that is regardless the fugacity coefficients:
The activation energy a which has to be overcome for electrochemical reaction is described using the activation loss ∆ act, in a modified Butler-Volmer equation [28, 29, 30] . It is used in the form:
The exchange current density 0, an/ca for the two reactions is calculated by using the frequency factor as follows [31, 32] :
The flow of electrons through the electrode and the flow of ions in the electrolyte results in an ohmic resistance which lowers the cell voltage. The ohmic loss ∆ ohm, is derived from the resistances of the various cell components and was calculated as follows [28, 33, 34] :
where is the thickness of a single layer. The conductivity of each term is calculated taking into account the porosity of the electrolyte and electrodes [25] :
within the expression for the theoretical conductivity [28, 30, 33, 34] :
10
For the interconnect the electrical resistivity is calculated with the data reported in [35] . These values are interpolated in a temperature range between 25 and 1000 °C.
The different gas concentrations between the electrodes and the fluid generate a concentration polarization. Since the anode is thicker than the cathode, the limiting current density of the cathode is higher than the one of the anode and as a consequence the concentration loss at the cathode can be neglected [36, 37] . Thus only the concentration voltage loss ∆ conc, at the anode is considered and the following equation is used [36, 38] :
The limiting current density of the anode as,i an is calculated considering that the diffusion path of the molecules is equivalent to the anode thickness [36] :
The diffusion coefficient bin an is calculated by using the empirical equation [37] : 
The values for the single parameters in each equation were taken from literature and are listed in Table   2 . Figure 1 shows the setup of the system which was experimentally built up as a prototype. The splitting of the flow in the system is achieved by the recycle blower shown in Figure 1 upstream of the heat exchanger. Downstream of the blower is a flow meter which allows the measurement of the recirculation flow. The recycle blower is operated in a way to ensure the desired flow rate. For example, if the recycle blower is turned off, the whole fluid flow will enter the burner directly and nothing will be recirculated. Furthermore, the burner is a regular burner (no catalytic burner). Since the nature of material has no real impact on the combustion, stainless steel has been used for construction of the burner, regardless of any catalytic activity. The thermal validation of the system (section 4.4) according to the system design presented in Figure 1 and Figure 10 has been carried out for different operation conditions. Therefore, several experiments for testing the gas processor were carried out for 14 operating points in a range for the gas flows with 3.6 -8.1 l min -1 and air ratios of 7 to 8.1. For measuring temperature, thermocouples type K are used and the overpressure is measured towards environment.
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Experimental model validation
The SOFC stack was tested separately in order to provide the data for the validation of the UI- 
Results and Discussion
By using the above-presented quasi-2D model, different geometries can be considered. In particular, co-and counter-flow heat exchangers or stacks can be distinguished from each other.
Number of nodes and accuracy as a compromise between calculation time and accuracy
The number of discretization compartments has a large influence on the simulation results. It can be chosen as a compromise between numerical accuracy and calculation time. The higher the number of nodes, the more precise the simulated model result. On the other hand, since the calculation time increases exponentially, it is not always recommended for a system-level simulation to discretize in a too detailed way. Figure 5 shows the simulated values for the cell voltage and the inlet temperature of the gas depending on the number of discretization compartments. This result is obtained by simulating the whole system. Therefore each component is discretized with the given number of nodes. As a consequence the influence of the discretization of each component is represented indirectly by the anode inlet temperature of the stack and therefore by the cell voltage. Since numerous dynamic chemical and/or thermal calculations have to be carried out involving a high number of variables in each discretization compartment, the calculation time increases rapidly with a finer discretization. The optimum in this case is N=8 with a deviation for the cell voltage and the anode inlet temperature both of 0.5 % compared to the result of N=10. By using only N=2 discretization compartments, the deviation of the cell voltage is 8.2 % and the deviation of the anode inlet temperature is 9.2 %. However, the required calculation time for N=10 is 2 times higher than for N=8 and nearly 23 times higher than for
N=2.
The current density depends on temperature, pressure, and concentration in a single discretization compartment. The result along the stack is presented in Figure 6 . The squared symbols in Figure 6 correspond to the values for the current density j calculated by using two nodes. For an increasing number of discretization compartments the result is shown by the dotted lines. It can be observed that the profile of the current density along the stack can be described with sufficient accuracy only by using enough compartments.
Validation of UI-characteristics in 1D
The UI-characteristics of the fuel cell is validated with experimental data for different temperatures and FU. Figure 7 shows the results for a stack temperature of 720 °C operated with pure hydrogen for two different FU. The deviation between experimental and simulated results for the different FU and current densities is max. 0.6 %. For the validation with reformate gas, the maximum deviation between theory and practice is 0.9 % for the different current densities (see Figure 8) . If the data for different FU are compared, it is observed that the results are more precise for higher FU values.
Spatial temperature distribution along flow direction
Since SOFC stacks are operated at high temperature and chemical reactions occur, temperature gradients along the cell appear. Figure 9 shows an example of a simulated temperature profile along the cell. For the stack temperature two effects have to be considered. On the one hand the temperature decreases due to the endothermic reforming reaction of methane. On the other hand there is a tempera-13 ture increase caused by the heat generated in the electrochemical reaction at the same time. At the beginning of the stack, the cooling effect dominates, so that the temperature decreases. As soon as most of the methane is reformed, the temperature increases. These temperature gradients along the cell lead to mechanical stresses. The higher the methane content, the higher the temperature decrease.
Therefore, the anode feed should not contain too much methane.
Parameterization and validation of the system under full load operation
For the gas processor, which includes heat exchanger and burner, several experiments were carried out in order to determine the thermal behavior and the pressure losses for different operation points. This information is necessary for the modeling of the system. The schematic setup is shown in Figure 10 .
The ambient air is fed to the system and compressed in a blower. The blower is controlled to ensure the desired flow rate. After the compression, the air has the temperature T 1,air and is heated in a heat exchanger to T 2, air . Since only the gas processor is tested, the heated air does not enter the cathode of the stack but the burner T 3, air . To avoid overheating of the burner, the pipe between heat exchanger and burner is insulated insufficiently. The combustion temperature is represented by T 1, flue . The flue gas is used to heat the cathode air and leaves the system at temperature T 2, flue . The results for the temperature are shown in Figure 11 . The presented temperatures correspond to those indicated in Figure   10 . Since the thermocouple of the temperature measurement point T 3, air is not integrated directly in the combustion zone, the deviation between the simulated flame temperature and the measured combustion temperature is about 120 K. For the other temperatures in the heat exchanger, the simulated values show a maximum deviation of 5.7 % compared to the experimental data. The deviation between simulation and experimental results varies between 10 and 30 K. Figure 12 presents the comparison of the pressure loss for simulation and experimental results for the same flow rates. The maximum deviation for all operating points is 0.2 %. The thermal behavior of the whole system was also validated with a test bench under full-load operation with a mean current density of 300 mA cm -2 . The result of the validation is shown in Figure 13 . The fuel is heated to the temperature T 2, fuel . Then there is a slight warming during the reforming process to T 3, fuel . The gas leaves the anode at the outlet temperature T 4, fuel and enters the burner after heat exchange. From the data we conclude that the chemical and thermal 14 behavior of the single components (heat exchanger, pre-reformer, stack, and burner) is modeled with sufficient accuracy since the deviation of temperature between experiments and simulations remains below 4 %.
Increase in electrical efficiency by use of anode offgas recycling
The system is designed to ensure a high thermal integration. Therefore single components are combined into larger components, for example, the gas processor includes two heat exchangers and the pre-reformer. For that reason, the heat loss is kept very low. In full-load operation the heat loss is about 17.5 %. By using the presented model different system configurations can be tested. Figure 14 shows the energy flows of an SOFC system with the above-mentioned components with an anode offgas recycle loop. The last heat exchanger is used for waste heat recovery, for example heating of domestic water (see Figure 1 ). By applying a recycle loop, the energy content of the gas entering the stack can be increased. For a recycle rate of 65 % and a fuel utilization of the stack of 55 % an electrical efficiency of 56.8 % can be reached.
The system operation can be further improved by varying the recycle rate. Figure 15 shows the influence of the electrical efficiency and the electrical power of the stack depending on the recycle rate and the FU Stack . It can be observed that each FU stack is related to an optimum of recycle rate rec max . The content of water in the anode channel rises with increasing recycle rates and therefore the Nernst voltage and the electrical power decrease. However the electrical efficiency increases despite the lower input of primary energy. If the recycle rate is too high, the power decrease becomes more significant and consequently the electrical efficiency is reduced. In addition, for increasing FU stack , the optimal value for the recycle rate has a lower value.
Influence of different gas compositions on stack voltage and FU
The results presented above were all simulated by assuming pure methane at the input of the system.
In this section the influence of a fluctuating gas composition on the SOFC system is evaluated. In the German natural gas grid, the higher heating value of the natural gas is allowed to change between 8 and 13 kWh/m³ [39] . Generally, an online detection of the gas composition is not applied since it is a complex and expensive measurement. Figure 16 shows the gas composition which enters the system, based on gas compositions given as typical reference gases in the technical standard regulating the natural gas properties in Germany [39] . It can be observed that for this example the higher heating value varies up to 11.7 %. The values for the inlet gas flow and recycle rate have been defined so that the set point of FU Stack and OTCR, listed in Table 6 , are fulfilled for the operation with methane. For the following simulations the inlet gas-phase composition was varied according to the time profile shown in Figure 16 while the inlet gas flow and recycle rate were kept constant. Figure 17 shows the gas composition and temperature at the inlet of the anode. The hydrogen molar fraction varies between 11 and 25 % and the temperature between 607 and 647 °C. The temperature is influenced by two effects: on the one hand, longer alkanes have higher reforming energies than methane which would lead to a lower temperature at the outlet of the pre-reformer (see Figure 18 ). On the other hand, longer alkanes have a higher heating value. Therefore more heat is released in the burner. Since the burner flue gas is used to preheat the inlet flows of the system, it results in a higher temperature in the stack. The consequences of the fluctuating gas compositions are shown in Figure 19 , where the characteristic values of the stack over time are presented. Declared by the stack supplier, the FU Stack should be kept 60% or less, otherwise starvation could occur. The minimal value of OTCR should be 1.5 in order to avoid long-term carbon formation. Due to a safety margin, a minimal OTCR of 2 was chosen [40] . It can be observed that for all gases the condition for OTCR is not fulfilled and the OTCR is always under the value of 2. This results in a reduction of the lifetime. The gross electrical efficiency achieves a maximal value of 55 % but for some gases it is reduced to 52 %. It can be concluded that a control strategy dependent on the inlet gas composition should be implemented in order to optimize the lifetime and the electrical efficiency of the system so that FU Stack can be kept under 60 % and OTCR above 2.
Conclusion
In this paper a simulation model for SOFC combined heat and power systems based on the modeling 
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Journal of Power Sources, submitted to J. Power Sources Figure 18 : Molar fraction and pre-reformer outlet temperature for a temperature of 500 °C at the inlet of the pre-reformer. The gas entering the pre-reformer has the composition shown in Figure 16 and is mixed with water in the ratio 2.5 in order to ensure an OTCR >2. The CO fraction is less than 1 %. Figure 19 : FU Stack , electrical efficiency and OTCR over time, equivalent to the gas compositions shown in Figure 16 35
